Abstract Alternaria tenuissima is a common pathogen on a number of plants described in several geographic regions of the world. Genetic variation within and between Russian Far East, North West and Caucasus populations of A. tenuissima from wheat was examined. In addition, genetic differences between isolates from various hosts were estimated. In total, 101 isolates of A. tenuissima were studied using amplified fragment length polymorphism (AFLP) with four primer combinations. Wright's fixation index (F st ), gene flow (N m ) and gene diversity (H s ) were calculated. AFLP banding patterns indicated significant genetic distance and at the same time a low level of gene flow between the Far East and the two other groups of isolates originating from the European part of country. The degree of similarity between the North West and Caucasus populations was very high, as was the migration rate. Isolates analysed by UPGMA-based cluster analysis were grouped according to location of origin but irrespective of plant host. Based on the F st value, the group of isolates originating from wheat and barley were not found to differ significantly from each other.
Introduction
Species of the genus Alternaria are widespread pathogens of wheat and other cereals. They are known to be a cause of wheat leaf blight, black point disease and as a source of food contamination by toxins (Rotem 1994) . Previously A. alternata was frequently reported in papers dealing with cereal diseases. This species was suggested to be the most ubiquitous in the genus and included almost all smallspored Alternaria taxa (conidial length up to 60 mm in culture). Alternaria alternata occurs on a huge number of various substrata, sometimes as a parasite, but usually as a saprotroph. Sometimes, however, researchers proposed heterogeneity in this taxon (Neergaard 1945) . During the last two decades, thanks to Simmons, Alternaria systematics has been thoroughly revised. Introduction of the new taxonomic criteria (Simmons and Roberts 1993) facilitated the accurate characterisation of small-spored species.
In particular, criteria of the species A. tenuissima sensu Simmons have become clearer and more comprehensible. Distribution and ecology of this species were defined more precisely. Alternaria tenuissima was found to be able to infect various parts of plants belonging to different families. Many researchers have found this fungus to be a common pathogen on a number of plants in different parts of the world. It can, for example, induce late blight of pistachio in the USA (Pryor and Michailides 2002) , and was established as a major cause of apple dry core rot in South Africa (Serdani et al. 2002) .
Alternaria tenuissima can infect a high percentage of cereal grains (Andersen et al. 1996; Gannibal 2004 ) producing some toxins dangerous for plant, animal and human health, e.g., alternariol, alternariol monomethyl ether, tenuazonic acid, altertoxin I and other metabolites (Andersen et al. 2002) . Those toxins have been detected in high concentrations in affected wheat grains in Europe (Logrieco et al. 1990 ), Australia (Webley et al. 1997) and North America (Webley and Jackson 1998) . Simmons (1990 Simmons ( , 1995 found some strains with sporulation patterns similar to those of A. tenuissima. Consequently, a few new species were described as additional members of the A. tenuissima speciesgroup. Also some small-spored species that produce host-specific toxins (e.g., A. mali and A. longipes) have morphological characters very similar to A. tenuissima (Simmons 1999) . The results of RAPD-PCR (Roberts et al. 2000) showed heterogeneity among groups of strains having a sporulation pattern similar to A. tenuissima. In general, this subdivision correlated with the host plant. Theoretically these observations can reflect the existence of several A. tenuissima-like species or specialized forms of A. tenuissima.
In spite of the fact that A. tenuissima is an important ubiquitous pathogen, its intraspecific genetic diversity, population structure and host specialization remain indistinct. This knowledge is required by plant pathologists to understand fungus distribution and evolutionary potential, and to design epidemiological predictive models. Careful species identification based on sporulation habits in combination with sensitive molecular methods like AFLP will make it possible to study the population biology of small-spored Alternaria species. The objectives of our study were to examine genetic differentiation within and between A. tenuissima populations present on Russian wheat, and also to test the hypothesis that A. tenuissima has no host specialization.
Materials and methods

Isolates
In total, 101 single spore isolates of A. tenuissima were analysed (Table 1) . Seventy-seven isolates were recovered from various cultivars of wheat from three regions of Russia. For the population comparison, two regions were chosen in the European part of the country. Twenty-six isolates were collected in Leningrad region (Leningradskaya oblast) and 19 in Krasnodar region (Krasnodarskiy kray) (Fig. 1) . The third group of 32 isolates was sampled in the Russian Far East, namely in Primorsky region (Primorskiy kray). These three regions are geographically separated by thousands of kilometres. To avoid the influence of possible host specialization on the population genetic study, only isolates from wheat were included when analysing the genetic diversity of the populations.
A majority of the cultures was isolated from grains. Twelve randomly chosen seedlots were harvested during 2002-2003 from neighbouring fields in the three geographic regions mentioned above and labelled by special numbers (the first 3 digits in the isolate ID). One hundred seeds were arbitrarily selected from each seedlot. Kernels were surfacesterilized by shaking in 0.1% silver nitrate for 1 min and rinsed in sterile water three times for 30 s. Kernels were then plated on Petri dishes of potato carrot agar and incubated at 258C in the light. Alternaria isolates were identified according to Simmons (1990 Simmons ( , 1995 giving heed mostly to three-dimensional sporulation patterns. All A. tenuissima isolates obtained in this way were included in our study. We also tested a few isolates obtained from necrotic spots on wheat leaves in the same regions. To test for host specificity we included a group of 12 strains of A. tenuissima from barley from Leningrad region and 12 isolates representing different hosts and locations. Those cultures were isolated as described above. We also added to our study E. G. Simmons's representative isolate of A. tenuissima (EGS 34-015), which was used as the standard of this species. Representative isolates of A. alternata (EGS 34-016) and A. infectoria were included as outgroup species.
DNA extraction and AFLP
Alternaria tenuissima isolates were grown in Petri dishes containing potato dextrose agar in darkness at 238C for 1 week. Mycelium was harvested with a sterile scalpel, collected into 2-ml tubes with one 3-mm tungsten-carbide bead and ground using a TissueLyser (Retsch MM301). DNA was isolated with the Puregene1 DNA Isolation Kit D-600A (Gentra System, MN), according to the instructions from the manufacturer, with some modifications (Bonants et al. 2000) .
The methods used were based on Vos et al. (1995) , Bonants et al. (2000) and Eikemo et al. (2004) . DNA (approx. 250 ng) was digested in a 40-ml reaction volume with EcoRI (5 U) and the MseI isoschizomer TruI (5 U) in RL buffer (10 mM Tris-HAc, pH 7.5, 10 mM MgAc, 50 mM KAc, 5 mM dithiothreitol, 50 ng ml À1 bovine serum albumine) for 2 h at 378C
followed by 2 h at 658C. EcoRI (5 pmol) and MseI (50 pmol) adapters (Bonants et al. 2000) were ligated overnight at ca 208C in a 40-ml reaction volume ; Promega), 5 nmol ATP and 30 ml of digested DNA. The cold amplification (pre-amplification) with the 0-(nonselective) primers was performed with 5 ml of 5-times diluted ligation product added to 2.5 ml of 10· PCR buffer (500 mM KCl, 100 mM Tris-HCl pH 8.3, 15 mM MgCl 2 ), 1 U of Taq DNA polymerase (Hoffmann-La Roche, Basel), 0.24 ml of 2.5 mM dNTPs, 2.5 ml of each of the 0-primers (50 ng ml À 1 ) in a 25-ml reaction volume. The amplifications were performed in a Gene Amp 9700 thermal cycler (Applied Biosystems, Foster City, CA) with the following programme: denature 2 min at 948C, then 45 cycles, where each cycle consisted of 30 s at 948C, 30 s at 568C and 90 s at 728C with final extension for 10 min at 728C and cooling to 48C. Products of the pre-amplification were separated on a 1% agarose gel stained with ethidium bromide and visualised using UV illumination. The rest of the pre-amplification products were diluted 20 times and stored at À208C until used in the selective PCR.
The selective amplification and polyacrylamide electrophoresis were carried out as described by Eikemo et al. (2004) . MseI (5 0 -GATGAGTCCTGA GTAANN) and EcoRI (5 0 -GACTGCGTACCAATTC NN) primers contained two selective nucleotides at the 3 0 ends. Primer combinations used for specific amplification were: E12 + M15; E13 + M16; E13 + M17; E14 + M16. For primer E12 the two selective nucleotides were AC, T13-AG, T14-AT, M15-CA, M16-CC and M17-CG. The EcoRI primer was labelled with [c 33 P] ATP. After electrophoresis the gel was dried and exposed against c-ray film (Kodak Biomax MR) at À808C for 2-3 days.
Autoradiographs were examined visually and only unambiguous bands were scored. They were assumed to be independent and those of identical size were assumed to have identical sequence. Bands obtained from all four primer sets were recorded in a 0/1 (absent/present) combined binary data matrix. All primer combinations were run twice, with new selective amplification reactions. Twenty of 101 isolates were included in the second selective PCR.
Statistical analysis
The degree of population subdivision between regions was measured by Wright's fixation index (F st ) (Wright 1943) , using the software Arlequin version 2.000 (Schneider et al. 2000) . The measure of Wright's index is based on the comparison of frequencies of identical alleles within and between groups. It varies from 0 (no isolation) to 1 (complete isolation) but in the case of bias to polymorphic loci, lower values (e.g., 0.5) may indicate complete isolation between populations (Taylor et al. 1999) . The null distribution of pairwise F st values under the hypothesis of no difference between the populations is obtained by permuting haplotypes between populations. The P-value of the test is the proportion of permutations leading to F st value larger or equal to the observed one (Schneider et al. 2000) . Gene flow (N m ) was calculated from the extent of population subdivision (G st ) (Slatkin and Barton 1989) , using the Popgene 1.32 programme (Yeh et al. 1999) . In order to analyze genetic variability between isolates within locations, we calculated gene diversity (H s ) (Nei 1973 ) using the Popgene software. Gene diversity depends on the number and frequencies of alleles at a locus. Theoretically it can range from 0 to 0.5 for haplotypic data.
Dendrograms were obtained by cluster analysis of all strains using the unweighted pair group method with arithmetic means (UPGMA) based on the Nei and Li (1979) similarity coefficient. The Treecon 3.1b programme was employed for this analysis (Van de Peer and De Wachter 1994). Confidence in specific clusters of the resulting topology was estimated by bootstrap analysis with 1000 replicates. Ordination was carried out by principal coordinate analysis (PCA), based on Nei's genetic distance and computed by the GenAlEx 5.1 programme (Peakall and Smouse 2001) . PCA was done with all three populations from wheat and a group of strains collected from barley in Leningrad region.
Results
Amplification of Alternaria spp. DNA by each AFLP primer combination produced around 200 bands. Most of them were reproducible with the exception of a few weak ones. A total of 149 bands for all species, obtained from 4 primer sets, were scored, of which 130 were present in A. tenuissima. Within A. tenuissima, 117 loci (90.0%) were polymorphic (Table 2) . There were three groups of 2-3 strains from wheat that had identical AFLP patterns. Four isolates from Leningrad region shared two haplotypes. The third recurrent haplotype was found in two isolates from Leningrad region and one from Krasnodar region. Several groups of isolates had haplotypes that differed only at a few loci.
Calculation of Wright's F st indicated isolation between the Primorsky population and the groups from the European part of the country (Table 3 ). The F st value for combined groups of isolates from the European part and from the Far East was significantly different from 0 (0.272, P = 0.05). F st showed significant, but very small, differences between the Krasnodar and Leningrad populations. Gene flow in general was in accordance with Wright's index (Table 3 ). The highest measure of N m was observed between Leningrad and Krasnodar regions.
Gene diversity ranged from 0.14 to 0.16 (Table 2 ). The Primorsky population was the most diverse one. But the non-considerable difference between sample groups does not allow any conclusion about difference in population age, size of populations or selection intensity.
Dendrograms constructed from each individual AFLP primer combination using UPGMA were in general concordant (data not shown). Analysis of the combined data matrix showed that isolates generally clustered by origin. All A. tenuissima isolates were divided into two major groups and four distinct isolates (Fig. 2) . But the bootstrap support for major clusters was not high. The first cluster consisted of 64 isolates from Krasnodar and Leningrad regions and from other places in the European part of Russia. Only two wheat isolates from Primorsky region were included in this group. The second cluster included 34 strains: 28 of 32 from the Russian Far East, all four strains from North-East China, one 'barley' strain from Leningrad region and the representative isolate of A. tenuissima. Representative isolates of A. alternata and A. infectoria were clustered separately from A. tenuissima at distances of 0.42 and 0.83, respectively.
In contrast to the UPGMA cluster analysis, the twodimensional plot resulting from PCA showed that the Krasnodar and Leningrad populations tended to form different clusters, with, however, a partial overlap (Fig. 3) . Barley isolates from Leningrad region were mixed with both Leningrad and Krasnodar wheat samples. The Primorsky population was completely separated from all the others.
All isolates on the dendrogram (Fig. 2) were mixed independently of the host plant and host organ (seed or leaf). Being collected from different hosts, several pairs of isolates had almost the same haplotypes. For instance, isolate 362-011 from barley and 016-011 from date palm differed at the distances level 0.03. The F st value for Leningrad wheat and Leningrad barley groups of isolates was very low (0.010) and did not significantly differ from 0 (P = 0.05). Moreover, comparison between Krasnodar wheat and Leningrad barley populations gave an even smaller value of Wright's index (F st = 0.001).
Discussion
As previously mentioned, A. tenuissima was found on many plant species in various parts of the world. It can infect pistachio leaves in the USA (Pryor and Michailides 2002) , apple fruits in South Africa (Serdani et al. 2002) , cereal grains in North Europe (Andersen et al 1996; Kosiak et al. 2004) and Russia (Gannibal 2004) , English walnut and hazelnut (Belisario et al. 2004) , strawberry fruit in Korea (Lee and Kim 2001) and broad bean leaves in Japan (Honda et al. 2001) . We have observed A. tenuissima ) . Thus, the 'morphological' species A. tenuissima does not have substratum specialization. The AFLP results confirmed this conclusion, showing no molecular evidence for the presence of specialized types of A. tenuissima. We did not find any strains that were sufficiently different from the type strain to be recognized as a separate species. More likely, this species is the most widespread one in the genus. In a certain sense, this species covers the biggest part of an aggregate of small-spored Alternarias called A. alternata sensu lato, while A. alternata sensu Simmons is a rather rare species (Simmons 1993) .
Whereas the AFLP patterns of the A. tenuissima strains revealed no correlation with the species of the host plant, they could be grouped according to their geographic origin. The statistical analyses performed clearly showed the difference between Far Eastern (Primorsky) and European (Krasnodar and Leningrad) populations of A. tenuissima. No strains were found with identical or closely related haplotypes representing both geographic areas. This indicates that the populations were separated a relatively long time ago and have had an independent history of development. As a consequence of separation, populations may have different intraregional structure and pathological properties, i.e., aggressiveness or toxin profiles.
The population differentiation result is in complete accordance with the gene flow index showing that migration between the different parts of the country was very rare. We found, however, several examples in which a pair of strains from different regions in European Russia had identical or very similar AFLP patterns. Some isolates collected in the Leningrad region were clustered by two-dimensional component analysis in the Krasnodar group and vice versa. This observation suggests regular bidirectional migration between regions, a hypothesis further supported by the calculated value of the gene flow. Further studies are needed in order to investigate whether A. tenuissima isolates originating from the rest of the European territory belongs to the same genetic cluster as those from European Russia.
The genetic difference between populations was correlated with the geographic distance between them. The distance between Primorsky region and Leningrad or Krasnodar region is more than 6,500 km. The latter two regions are less than 2,000 km apart. Conidia can be transported by wind or by human activity. Hundreds of conidia from Alternaria spp. have been found per m 3 of air sampled 15 m above ground in Europe, (Angulo-Romero et al. 1999) , USA (Dixit et al. 2000) and Australia (Mitakakis and McGee 2000) . However, for Puccinia recondita it was shown that the general directions of air mass movement prevented exchange of races between the European and Asian parts of Russia (Pavlova and Mikhailova 1997) . A high economic activity in the European part of the country can aid migration of the fungus. The direction of A. tenuissima migration coincides with the routes of intensive movement of people and goods. In all cases the absence of substratum specificity will encourage migration of clones, since the clone can easily infect almost any plant on its route of migration.
